Dengue is an emerging infectious disease of global significance. Although this virus has been reported for a long time, its significance within the burden of diseases in West Africa is not obvious, especially in Burkina Faso. Our objective was to evaluate flavivirus presence in Ouagadougou (Burkina Faso) and the link between anti-flavivirus antibody seroprevalence and urbanization modes. A population-based cross-sectional survey was conducted and 3015 children were enrolled from Ouagadougou districts with different types and degrees of urbanization (with/without equipment and high/low building density). Flavivirus (FLAV) IgM MAC-ELISA and FLAV indirect IgG ELISA were performed. Associations between FLAV IgG presence (sign of past infection) and various independent variables were assessed using the chi-square test and a multivariate logistic regression analysis. The apparent prevalence of past flavivirus infections among the enrolled children was 22.7% (95% CI: 22.4-26.7) (n = 685). Eleven children (0.4%; 95% CI: 0.61-2.14) were positive for FLAV IgM, indicating active transmission. Factors associated with flavivirus infection were identified among the enrolled children (age, sex), householders (educational level, asset index) and in the environment (building density, water access, waste management and house appearance); however, they showed great variability according to the city districts. The water access modality did not significantly influence FLAV IgG positivity. Conversely, apparently good practices of waste management had unexpected consequences (increased risk related to municipal dumpsters). Given the scale of ongoing urbanization and the spread of arboviral diseases, close collaboration between health and city stakeholders is needed.
Introduction
Malaria has captured the attention of the research and medical communities since its description as the first proof of a vector-borne disease before plague, dengue or yellow fever. However, the development of arbovirology research [1] and some recent studies suggest that malaria clinical presumption may be overestimated and that a significant proportion of febrile diseases could be caused by arboviruses, such as dengue, chikungunya, or yellow fever virus [2] [3] [4] . Despite yellow fever mass vaccination campaigns to prevent and control outbreaks, the risk of epidemics has greatly increased, especially in poor and densely populated urban settings, both in Africa and South America [5, 6] .
In 2008, 16 yellow fever outbreaks were reported from 13 African countries, reflecting an intense virus circulation across the western and central parts of Africa [6] . Consequently, yellow fever is considered as an emerging or reemerging disease of considerable importance. Furthermore, since 2000, dengue cases have been described in several West and Central Africa countries: Burkina Faso (2007, 2008, (2013) (2014) (2015) , Cameroon (2006) , Ivory Coast (2007, 2008, 2010) , Gabon (2007 Gabon ( , 2008 Gabon ( , 2010 , Mali (2008) and Senegal (2000 Senegal ( , 2007 Senegal ( -2009 [3, [7] [8] [9] . In 2009, a large outbreak of dengue fever (more than 6000 cases) occurred in the Cape Verde Islands, where dengue virus was never isolated before, leading to considering the phenomenon as a true emergence of dengue fever in Africa [10] .
Such a dramatic increase in arboviral diseases could be linked to different events, among which unplanned urbanization plays a crucial role. For instance, larvae of the dengue vector Aedes aegypti breed in a variety of human-generated containers, such as jars, discarded cans, flower vases, cement tanks, ant traps, used tires and plastic buckets around human dwellings. Furthermore, Ae. aegypti diurnal and strongly anthropophilic behavior might promote pathogen transmission [11] .
In Burkina Faso, the epidemiological situation of arboviruses is currently poorly documented. The first dengue fever outbreak was described in the 1980s [12] and in the following years several limited outbreaks occurred in Ouagadougou and Bobo-Dioulasso, the country's main towns. In 2013, dengue was reported in healthcare centers of Ouagadougou [9] . For yellow fever, the survey carried out by Yaro et al. [13] Therefore, with the research project "Urban environment and health transition in West Africa: the example of Ouagadougou (Burkina Faso)", we wanted to analyze the spatial distribution of communicable and non-communicable diseases, by taking into account Ouagadougou urbanization pattern [14] [15] [16] . The objectives of the flavivirus study were to evaluate their presence in Ouagadougou and to explore the link between flaviviruses and urbanization. Our hypothesis was that flavivirus circulation is heterogeneous due to the differentiated urbanization process, leading to the diversification of life environments, water storage and waste management practices among Ouagadougou inhabitants.
Methods

Study Area
Ouagadougou (12 • 21 14" N, 1 • 30 41" W) is the capital city of Burkina Faso, one of the poorest nations in the world and one of the less urbanized countries of the West African sub-region [17] . Ouagadougou has a savannah climate with a mean annual rainfall of 935 mm and a mean temperature of 28 • C. The dry season extends from November to April. In 1996, city-dwellers hardly represented 20% of the total population of Burkina Faso [18] compared, for example, with 50% in Côte d'Ivoire [17] . In 2004, year of the present serological survey, almost half of Burkina Faso's urban population lived in Ouagadougou. The capital city population increased from 282,000 inhabitants in 1985, to 709,000 inhabitants in 1996 and to 1,200,000 inhabitants in 2004, concomitantly with spectacular spatial growth. In 2003, Ouagadougou extended over more than 200 km 2 , compared with an estimated 33 km 2 after the independence in 1960 [19] . Since the revolution of 1983, significant efforts have been made by the municipality to develop public services (water, electricity, road network, health services, schools, etc.). However, unplanned urbanization has continued and, in 2004, 44% of Ouagadougou remained unplanned and consequently without urban facilities. Moreover, because of the specific water policy imposed by Sankara during the revolution in the 1980s, 55.3% of households use public fountains for water supply and, as a consequence, most of them store water within their house [19, 20] .
Sampling Strategy
Ouagadougou city was stratified by identifying and selecting ecological and environmental situations that were representative of the urbanization process. The first stratification criterion was the allotment status: structured areas compared with unstructured areas, as a representation of the vulnerability of the population living at the urbanization front. Structured areas were areas allotted by the township authority (cadastral services) with public services, such as tap water and sanitation, electricity and telephone, and where parcels of land were allocated to specific inhabitants. Unstructured areas referred to areas that developed without cadastral organization and without public services. The second stratification criterion was the building density that represents a risk of infectious disease transmission because of the high promiscuity in areas with high density housing. Stratification was carried out using a SPOT ® 5 remote sensing scene obtained in November 2002 with a resolution of 2.5 m as well as aerial photographs of Ouagadougou and cadastral data from the Ministry of Urbanization of Burkina Faso [21] . These spatial data were confirmed by field observations. Altogether, four strata were determined: unstructured with low building density (ULBD), unstructured with high building density (UHBD), structured with low building density (SLBD), and structured with high building density (SHBD). In each stratum, two districts were selected for the study; thus, a total of eight districts were included: Zongo and Burundi in the ULBD stratum, Somgande and Yamtenga in UHBD stratum, Tanghin and Gounghin in SLBD stratum, Dapoya and Patte d'Oie in SHBD stratum ( Figure 1 ).
Sample Design and Studied Population
In structured districts, 250 parcels were randomly selected using cadastral data and a generated set of random numbers. In unstructured districts, 250 starting points were selected using aerial photographs of Ouagadougou and pairs of generated random numbers that corresponded to general positioning system (GPS) data points. Each pair of data points was identified on the photographs. If they corresponded to a household, this household served as starting household and the next three eligible households were included in the study. Households were considered eligible if the householder had resided in Ouagadougou for at least five years, a period of time that ensured a sufficient exposure to the urban lifestyle [22, 23] . We assumed that all the people living with him/her had the same exposure time to the urban environment.
In each eligible household, all children from six months to twelve years of age were invited to a mobile health post with an accompanying family adult for data collection. In low-income countries, children under the age of five are particularly vulnerable to infectious diseases, such as respiratory infections or malaria. On the other hand, dengue is more likely to occur in children under 15 years of age [24] . We focused on children younger than 12 years because we considered that up to this age they are not very mobile outside their neighborhood, and therefore, that they could be considered as good indicators of flavivirus circulation within each district.
Data Collection
Sample collection and interviews were carried out between May and September 2004. Standardized questionnaires were administered to collect information on the householder (educational level, residence duration in Ouagadougou) and his/her children (age, sex, immunization against yellow fever according to the health record). Environmental data (compound geographic coordinates; urban variables, such as land tenure and building density of the district, as well as water access, waste management and house appearance) were also recorded when visiting the household. Children were divided into three age groups: 0-4 years, 5-10 years and 11-12 years. An asset index and an education level index were calculated for each family. The asset index (high, medium and low) was determined on the basis of the possession of assets and is a proxy of the socio-economic status. Telephone (mobile or not), television, refrigerator, ventilator, bed, living room and motorcycle were considered as assets. The education level was estimated by asking whether the householder attended school, whatever the duration. The householder was also interviewed about water access according to three modalities (tap water, pump or water well) and about waste management (considered as "improper", if burned in the environment or if collected in municipal dumpsters that were not regularly emptied or "adequate", if collected by a private service). The house appearance was assessed and ranked as "good" or "not good", according to the care given by the household to the house environment.
At the mobile health post, blood samples of 25 µL were collected by fingerpick from the children and absorbed on filter papers (Whatman ® , Proteinsaver TM ) for subsequent analysis, as previously described [25] . Filter papers were stored at room temperature for one month until they were sent to the laboratory (Center for Vectors and Vector Diseases, Mahidol University, Bangkok, Thailand), where they were stored at −80 • C until analysis.
Laboratory Analysis
Blood samples blotted on filter paper were cut out using a 0.5 cm diameter paper punch. For each sample, two discs were eluted in 800 µL of phosphate-buffered saline (PBS) buffer 5% non-fat dried milk. After vortexing for 60 s, samples were incubated at room temperature for one hour, then vortexed again and centrifuged for 10 min (10,000 rpm, 4 • C). The recovered supernatants corresponded to a 1:100 dilution of the original blood samples. Flavivirus IgM MAC-ELISA and indirect IgG ELISA assays were performed as previously described [26] , using sucrose-acetone extracted viral antigens, as developed by the Center for Vaccine Development (Mahidol University, Bangkok, Thailand), and commercially available mouse anti-virus monoclonal antibodies [27] . For IgM detection, samples were considered positive when the Differential Optical Density (DOD) value was >0.50. For IgG, samples with a DOD value >2.00 were considered positive. For quality control, a positive control and three negative controls were always included in each plate, and specimens collected at different times were simultaneously tested. The cut-off OD value for positive samples was equal to the mean OD value of three negative controls plus three standard deviations. To be considered positive, the sample OD needed to be higher than this cut-off value. Samples positive for anti-flavivirus IgM (thereafter, "FLAV IgM") were scored as "recent flavivirus infections". Serum samples negative for FLAV IgM and positive for anti-flavivirus IgG (thereafter, "FLAV IgG") were considered as "past flavivirus infections".
Statistical Analysis
Data were entered in a Microsoft Access 2000 database (Palisade Corp., Newfield, NY, USA), and analyzed using SPSS 12.0 for Windows (SPSS Inc., Chicago, IL, USA).
The dependent variable was FLAV IgG apparent prevalence that represents past exposure to flaviviruses. FLAV IgG apparent prevalence was analyzed relative to the socioeconomic, demographic, health and environmental data concerning the children, their family/household or the district.
First, the characteristics of the study sample were described and then frequency distributions were used to highlight the status of children positive or not for FLAV IgG. Then, chi-square tests were used to detect statistically significant associations between FLAV IgG presence and various independent variables. Variables associated with FLAV IgG with a p-value < 0.20 in bivariate analyses were then considered for the logistic regression analysis [28] . Finally, a multivariate logistic regression analysis was performed in each stratum to estimate the Odds Ratios of the independent variables that explain FLAV IgG presence. Estimates are presented with 95% confidence intervals.
The apparent prevalence of the householder's age, sex and educational status was calculated at the level of the district to better analyze differences within districts.
FLAV IgG and IgM data in structured districts were also analyzed according to the position of municipal fixed dumpsters that have been set up in the town center since 2000 [29] .
Ethics
The research protocol was validated by the Ethics Committee for Research in Health of Burkina Faso (Registration Number No. 2004/002). The mother, father or legal guardian of each child formally agreed to his/her participation in this study after being adeqautely informed of the study and before inclusion.
Results
A total of 3015 children were included in the survey. Table 1 shows the frequencies of the variables previously reported as potential factors associated with flavivirus transmission and clearly emphasizes the important intra-urban heterogeneity of our sample. 
Anti-Flavivirus Antibody Seroprevalence
The apparent prevalence of past flavivirus infections (i.e., percentage of children positive for FLAV IgG, but negative for FLAV IgM) among the survey participants was 22.7% (95% CI: 22.4-26.7) (n = 685) ( Table 2) .
Eleven children (0.4%; 95% CI: 0.61-2.14) were positive for FLAV IgM, indicating active transmission.
FLAV IgG-positive samples were found among children as young as six months and the seroprevalence increased with age, from 11.8% in the 0-4-year-old group to 36.4% in the 11-12-year-old group (p < 0.001). Seroprevalence was also significantly higher among girls than boys (p < 0.015).
FLAV IgG seroprevalence was not influenced by the duration of the householder's installation in town, his/her educational level or the house appearance. Conversely, it was significantly higher in medium socioeconomic level households (p < 0.003). Improper waste management, water supply from a water well and water storage significantly increased FLAV IgG seroprevalence. Similarly, FLAV IgG was more frequent in the ULBD and SLBD strata than in the other urban strata. However, except for the SHBD stratum, disparities were observed within the different strata. Indeed, FLAV IgG seroprevalence greatly varied within districts of the same stratum. For instance, it doubled between Somgande and Yamtenga (UHBD), between Zongo and Pissy (ULBD) and between Gounghin and Tanghin (SLBD). 
Individual and Environmental Factors Associated with Flavivirus Seroprevalence
The multivariate analyses conducted in each stratum highlighted a significant (p < 0.001) and positive association of FLAV IgG positivity with age in all strata (Table 3) . A positive association for girls was found only in the SHBD stratum, but the tendency was the same in the other strata with the exception of UHBD. The lack of householder's education tended to increase the chance of FLAV IgG positivity, but the association was significant (p < 0.01) only in the ULBD stratum. A medium socioeconomic level seemed to be associated with the presence of FLAV IgG, but this association was significant (p < 0.01) only in structured districts (SHBD and SLBD strata). The association of type of water access with FLAV IgG prevalence was confusing because of the high variations among and within strata. Improper waste management practices were significantly associated with FLAV IgG presence in the UHBD and SHBD strata (respectively p < 0.05 and p < 0.01). A good house appearance was associated with FLAV IgG positivity in the ULBD stratum (p < 0.001).
In the Gounghin district, where FLAV IgG seroprevalence was the highest, FLAV IgG positivity was significantly higher (p < 0.05) in households located within 200 m from a dumpster (43%) than far away (31.5%).
Discussion
In Ouagadougou, 22.7% of children from six months to 12 years of age showed a past flavivirus infection. In Garoua, a town in Northern Cameroon that is also characterized by a savannah climate and where inhabitants traditionally store water inside and around their dwellings in terracotta jars, Demanou et al. [30] reported comparable values (23%) for past dengue infection prevalence. Together, these results are in favor of an active and heterogeneous flavivirus circulation in Ouagadougou as we hypothesized, and suggest that the differential diagnosis of malaria should be improved.
Our study shows a positive association between age and increasing FLAV IgG seroprevalence, as expected for flavivirus transmission in endemic areas [31] . Girls were more affected than boys, as previously reported [32] . This suggests that human-vector contacts might preferentially occur in peri-domestic environments. Indeed, in Burkina Faso, schooling is less widespread among girls than boys and girls tend to stay at home [33] . Moreover, lack of householder's education was associated with past flavivirus infection, as often observed in the health field [34] . Similarly, the absence of links between flavivirus seroprevalence and socio-economic level confirmed previous results [35] .
The association between waste management practices and past flavivirus infection in the different districts of Ouagadougou was consistent with other studies [36, 37] . The presence of waste in the environment is frequently considered to be a significant risk factor because empty plastic containers are suitable peri-domestic breeding sites for Ae. aegypti during the rainy season. In Ouagadougou, environmental concerns were not shared by the entire population because of the traditional perception of garbage as a gift [38] and also because of the limited concern for public spaces. Although the municipality is committed to developing procedures for waste handling and disposal, the city hall technical services find it difficult to comply with these new procedures. Dumpsters are not regularly emptied, thus providing breeding sites for flavivirus vectors (see photographs in Figure 2 ). Figure 2) . On the other hand, the finding that FLAV IgG seroprevalence was not influenced by the type of water supply was unexpected due to the importance of water sources for vector breeding [39] . Two On the other hand, the finding that FLAV IgG seroprevalence was not influenced by the type of water supply was unexpected due to the importance of water sources for vector breeding [39] .
Dumpsters
Two hypotheses might explain this. Water is rare in Ouagadougou and, consequently, it is not stored for a long time and containers are regularly emptied. Alternatively, containers could be well covered, thus limiting the possibility of colonization by mosquitoes. Both behaviors have been already observed in North Cameroon [40] .
Neglected house appearance, which suggests a lack of consideration for the peri-domestic environment, was associated with a higher chance of infection in low, but not in high building density districts, although several studies reported that high building density can support the presence of Ae. aegypti [41, 42] . High-rise buildings do not induce the same circulation than low-rise ones. Moreover, the presence of vegetation may also play a role in the vector spatial distribution pattern and consequently in the transmission of the associated flavivirus [43] . This is clearly confirmed by the FLAV IgG variability within the same stratum: high FLAV IgG prevalence was observed in Gounghin (37.3%), but not in Tanghin (19.9%), although both districts belong to the same SLBD stratum. Such differences may be explained by their spatial urbanization structure: house clusters in Gounghin led to higher local building density than in Tanghin where fallow areas are more regularly dispersed (Figure 3) . Moreover, municipal garbage dumpsters were installed in Gounghin, but not in Tanghin. [40] . Neglected house appearance, which suggests a lack of consideration for the peri-domestic environment, was associated with a higher chance of infection in low, but not in high building density districts, although several studies reported that high building density can support the presence of Ae. aegypti [41, 42] . High-rise buildings do not induce the same circulation than low-rise ones. Moreover, the presence of vegetation may also play a role in the vector spatial distribution pattern and consequently in the transmission of the associated flavivirus [43] . This is clearly confirmed by the FLAV IgG variability within the same stratum: high FLAV IgG prevalence was observed in Gounghin (37.3%), but not in Tanghin (19.9%), although both districts belong to the same SLBD stratum. Such differences may be explained by their spatial urbanization structure: house clusters in Gounghin led to higher local building density than in Tanghin where fallow areas are more regularly dispersed (Figure 3) . Moreover, municipal garbage dumpsters were installed in Gounghin, but not in Tanghin.
(A) 
Limitations of the Study
Due to the retrospective nature of this survey, some of the identified associations could be difficult to interpret. The multivariate analyses did not fully explain the seroprevalence of past flavivirus infections observed in the various districts of Ouagadougou included in this study. The analyses did not identify the variables with direct and indirect influences on the outcome and the variables that can act as confounding factors. This underlines the complexity of this pathogenic system and the multifactorial influences (environmental and also anthropogenic) involved.
Dengue virus and yellow fever virus may be responsible for the FLAV IgG seroprevalence observed in Ouagadougou; however, other flaviviruses are present in this sub-region, for instance Zika virus [44] , although they have not yet been reported in Burkina Faso. The yellow fever vaccine is affordable and cost-effective; however, low immunization coverage has been reported in endemic areas, including several countries of South America and Africa. Our study shows that 356 six-monthto six-year-old children were vaccinated (21.3%) among the 1673 children with a health record, indicating a limited coverage. Indeed, between 2000 and 2008, yellow fever cases have been identified in the southeast of Burkina Faso, but not in or around Ouagadougou [13] . Dengue fever cases have been reported in Ouagadougou since 2008 [8, 45] . Additional analyses are needed to differentiate past dengue virus infections from past yellow fever virus infections, particularly the plaque reduction neutralization test that is currently considered to be the "gold standard" [46] . This kind of analysis was not within the scope of this study. 
Dengue virus and yellow fever virus may be responsible for the FLAV IgG seroprevalence observed in Ouagadougou; however, other flaviviruses are present in this sub-region, for instance Zika virus [44] , although they have not yet been reported in Burkina Faso. The yellow fever vaccine is affordable and cost-effective; however, low immunization coverage has been reported in endemic areas, including several countries of South America and Africa. Our study shows that 356 six-month-to six-year-old children were vaccinated (21.3%) among the 1673 children with a health record, indicating a limited coverage. Indeed, between 2000 and 2008, yellow fever cases have been identified in the southeast of Burkina Faso, but not in or around Ouagadougou [13] . Dengue fever cases have been reported in Ouagadougou since 2008 [8, 45] . Additional analyses are needed to differentiate past dengue virus infections from past yellow fever virus infections, particularly the plaque reduction neutralization test that is currently considered to be the "gold standard" [46] . This kind of analysis was not within the scope of this study.
Conclusions
The uneven distribution of potential risk factors (such as age, sex, household equipment and waste management practices) led to major intra-urban differences in flavivirus circulation in Ouagadougou. Apparently good practices of waste management might have unexpected consequences (increased chance of infection related to municipal dumpsters), and environmental education must become an important public health goal. Due to the intensity of worldwide trade, the growing urbanization in Africa, especially in Burkina Faso, and the difficulty for the local healthcare system to deliver a precise diagnosis based on laboratory test results, it is crucial to improve our knowledge about flavivirus diseases and their clinical presentation. There is also a strong need for better cooperation between urban and health policy makers to improve the health status and well-being of the populations.
